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Abstract: 
Broadcast spawning is a common reproductive strategy in marine environments.  While there are 
many advantages to this mode of reproduction, it has the drawback of leaving offspring exposed 
to environmental fluctuations.  To study the effects of temperature and salinity fluctuations on 
development, I fertilized eggs of three different echinoid echinoderm species (Strongylocentrotus 
droebachiensis, Echinarachinus parma, and Lytechinus variegatus) under a range of conditions. 
In all three species, a novel response of embryonic twinning was seen under at least one 
combination of environmental conditions. Twinning percentages were variable among the three 
species with E. parma having the highest frequency. Significant variation in twinning frequency 
was also observed within species. In the most extreme cases up to 28% of embryos in a single 
treatment were observed to twin. To see how twinning affected development, we followed 
replicate pairs of E. parma larvae that were derived from twinning events. Twins were measured 
and compared to untwinned siblings. Overall, twins grew at a slower rate than untwinned 
siblings. In addition to reduced growth rates, twins were also delayed in reaching subsequent 
developmental stages. Other novel developmental abnormalities were observed in this study.  
Delay of hatching was seen frequently in E. parma embryos that had been exposed to reduced 
salinity and increased temperature.  Prior to my study, environmentally cued hatching had been 
described in every deuterostome phyla except for echinoderms.  The observation that it also 
occurs in echinoderms was an unexpected outcome. Normal hatching occurs at the blastula stage 
in echinoderms, but some embryos delayed hatching until shortly after gastrulation while others 
were four-arm larvae before hatching. The production of multiples and delays in hatching are 
both previously undocumented responses to environmental stress and their consequences for 
coastal populations should be explored further.  Understanding how embryos and larvae respond 
to changes in temperature and salinity can help explain how these species persist in variable 
habitats and also how they may respond to future effects of climate change.   
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Introduction 
Broadcast spawning, or freely releasing gametes with no parental care, is an ancient and 
widespread reproductive strategy in metazoans (Rouse and Fitzhugh, 1994; Levitan 2005).  
Marine environments in particular are well suited for broadcast spawning and 34 out of 40 
marine phyla display some form of it (Pechenik, 1999).  Broadcast spawning has many 
advantages. For example, it does not require energy expenditure on mating displays, finding a 
mate, or parental care (Rouse and Fitzhugh, 1994; Hart, 1995; Pechenik, 1999).  However, it 
does leave the early life stages of animals unprotected and therefore vulnerable to predation and 
environmental stress (Strathmann, 1990; Young, 1994). Embryos and larvae must have ways of 
coping with stressful conditions on their own for broadcast spawning to be a successful 
reproductive strategy (Roller and Stickle, 1985).  How these early stages combat the difficulties 
they face can give insight into their development and evolution.   
The physical properties of marine habitats can help to explain why broadcast spawning 
occurs more frequently in these habitats than in terrestrial ones (Strathmann, 1990). Water is 
denser than air, allowing for buoyancy of gametes and larvae (Young 1994).  This buoyancy 
creates a means of dispersal of both gametes and larvae (Levitan, 2005).  Marine organisms also 
avoid the stress of dehydration, as is often faced in terrestrial habitats (Zeh and Smith, 1985).  
Also, abundant food is easily accessible in dissolved and particulate form for larval feeding 
(Strathmann, 1990; Betram and Strahmann, 1998). While these properties make marine habitats 
more ideal for broadcast spawning than terrestrial ones, there are still many environmental 
stressors that can greatly affect the survival of embryos and larvae. As there is no parental care, 
offspring must have some way of dealing with environmental stress on their own.    
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Because there is no parental care, maternal investment in animals that free spawn is 
limited to the content of the egg.  In broadcast spawners, mothers must make a tradeoff between 
having few, large offspring, or having numerous, small offspring (Smith and Fretwell 1974; 
Podolsky and Strathman, 1996).  Larger eggs are more costly to a female to produce but are also 
more likely to survive (Vance, 1973; Podolsky and Strathmann, 1996; Pechenik, 1999).  Smaller 
eggs are less costly and therefore many more can be produced per female, however each must 
then spend longer in the plankton and is less likely to survive (Smith and Fretwell, 1974; Hart, 
1995; Levitan, 2000).   
Many studies have looked into this size-number trade off in marine invertebrates and 
created optimality models to help predict the conditions that would give rise to maximum 
fecundity in mothers (Vance, 1973; Levitan, 2000).  How much energy a species allocates to 
individual eggs also determines what larval mode will be exhibited by that species (Emlet et al., 
1987; Podolsky and Strathmann, 1996).  Large eggs produce lecithotrophic larvae which do not 
need to acquire any additional resources by feeding to reach metamorphosis and therefore can 
have extremely short larval periods; short larval periods are beneficial as larvae are subjected to 
extremely high predation rates, up to 99% per day, in the plankton (Rumrill, 1990; Vaughn and 
Allen, 2010).  Small eggs on the other hand are much less costly to produce so one female can 
produce far more of them, but small egged species produce planktotrophic larvae that may spend 
anywhere from days to years in the plankton (Podolsky and Strahmann 1996; Levitan, 2000; 
Strathmann and Strahmann 2007).  A long period in the plankton creates problems due to high 
predation rates, ability to acquire food, and potential environmental stressors (Allen 2008; 
Vaughn and Allen, 2010).   
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 Temperature and salinity are two environmental variables that can have strong effects on 
fertilization and development (Watts et al., 1982; Greenwood and Bennett, 1981; Roller and 
Stickle, 1985).  In the North Atlantic, and across the globe, there is a great amount of change 
predicted to occur in terms of salinity and temperatures due to climate change (Dickson et al., 
2002; Curry et al., 2003).  In addition, in near shore habitats tides and weather can greatly affect 
temperature and salinity, similar and often much more extreme changes can occur in the short 
term (Stickle and Ahokas, 1974; Colern et al., 1989; Helmuth et al., 2002; Allen and Pechenik, 
2010).  With both temperature and salinity fluctuating, it is important to understand how 
offspring can cope with the combined effects of these two stressors. 
Global average temperatures have risen 0.6⁰C over the past century and that rate is 
expected to increase over the next century (Dickson et al., 2002; Walther et al., 2002). Increased 
CO
2
 emissions have been the biggest driver of increasing temperatures, creating a greenhouse 
effect that traps heat in the atmosphere (Walther et al., 2002; Curry et al., 2003).  Temperature is 
the most important abiotic factor for ectotherms as they cannot regulate their own body 
temperatures (Stickle and Ahokas, 1974; Greenwood and Bennett, 1981).  Temperature dictates 
species ranges, it changes their productivity, and it can change timing of reproductive events 
(Greenwood and Bennett, 1981; Bishop et al., 1994).   
In addition to temperature changes, many changes are occurring in the ocean’s chemistry.  
In the northern Atlantic, salinity has decreased 0.03‰ in the past four decades and is expected to 
continue to decrease at a rate of 0.01‰ to 0.015‰ per decade in the future (Dickson et al., 2002; 
Curry et al., 2003).  Melting freshwater sources, increased rainfall, and changes in ocean 
circulation are at the root of this trend of decreasing salinity (Curry et al., 2003).  Salinity 
directly limits the range of many species in marine environments (Bishop et al., 1994).  As 
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salinity continues to change, species will have to adjust their range, or adapt in order to survive 
(Greenwood and Bennett, 1981).  When these salinity changes are occurring in tandem with 
temperature changes, the range of conditions that species are able to live in becomes even 
smaller (Greenwood and Bennett, 1981).  Because these effects are occurring together, animals 
may be stressed in multiple ways and less able to cope with each individual stressor.  
While climate change is a pressing issue, day to day environmental fluctuations in near 
shore habitats can be much more severe than any predicted changes due to climate change. Near-
shore, rocky intertidal habitats have rapid and frequent changes in salinity and temperature due 
to tides, weather, and freshwater inputs (Breitburg, 1990; Sanford, 2002; Kaplan et al., 2003; 
Allen and Pechenik, 2010).  Coping with these stressors is extremely important to surviving in 
these areas and plays a large role in structuring communities (Sanford, 2002; Kaplan et al., 2003;  
Harley, 2006).  In near shore habitats, we can see the same trends as are expected with climate 
change, except the day to day salinity fluctuations that already exist (up to 7 ‰) can be over 450 
times more extreme than the changes expected per decade (0.015‰) due to climate change. 
Knowing how individuals respond to the drastic environmental changes that occur daily is 
important to our current understanding of what factors affect early life history stages in the 
plankton and can give us insight into the potential ability of organisms to deal with the longer 
term changes that are occurring due to global climate change.   
Echinoderms are a good model system for understanding how the offspring of broadcast 
spawning animals can react to environmental changes. Echinoderms are an entirely marine phyla 
where free spawning is more common than any other mode of reproduction (Young, 1994). 
Echinoderms are extremely susceptible to environmental changes as they are unable to 
osmoregulate their body cavities and must rely on their environment to keep osmotic balance 
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(Stickle and Ahokas, 1974; Greenwood and Bennett, 1981).  Many echinoderms represent 
keystone species in their delicate ecosystem.  Small changes in environmental conditions can 
drastically change their abundance which will in turn alter the entire species diversity of the 
economically important near-shore environments they live in (Barnes, 1966; Paine, 1966; Harley 
et al., 2006).  For example, in the Australian coral reefs the crown of thorns sea star (Acanthaster  
planci) was quickly able to take over after slight environmental perturbation and subsequently 
species diversity was destroyed (Barnes, 1966).  Understanding how environmental conditions 
affect both adults and offspring in echinoderms is important for understanding their community 
structure.    
Fertilization in echinoderms can be severely impeded by both salinity and temperature 
because the gametes are simply released into the water column and fertilization is external 
(Greenwood and Bennett, 1981; Byrne et al., 1994; Allen and Pechenik, 2010).  It has been seen 
that changes in temperature and salinity can quickly render gametes non-viable (Roller and 
Stickle, 1985; Emlet et al., 1987).  Sperm have been seen to be very sensitive to increased 
temperatures, while eggs are more sensitive to changes in salinity (Greenwood and Bennett, 
1981; Byrne et al., 2009; Allen and Pechenik, 2010).  When temperature and salinity are both 
fluctuating, there are a narrower range of conditions under which fertilization occurs (Young, 
1994; Byrne et al., 2009; Allen and Pechenik, 2010).   
 During their planktonic existence, embryos and larvae are also extremely sensitive to 
changes in salinity and temperature (Watts et al., 1982; Roller and Stickle, 1985).  The range of 
conditions that larvae can survive in is narrower than the range adults can live in (Bishop et al., 
1994).  Many studies have looked into the range of conditions that adult echinoderms can survive 
in, but fewer have investigated the range that larvae can survive in leaving a crucial gap in our 
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knowledge (Greenwood and Bennett, 1981).  In the lab, larvae reared under reduced salinity 
develop slower than larvae reared at full salinity (Watts et al., 1982; Roller and Stickle, 1985; 
George, 2007).  Larvae in these stressful environmental conditions may live for weeks in cultures 
but never settle and eventually die (Roller and Stickle, 1993; George, 2007).   
 My study examined how echinoderm species that live in fluctuating nearshore habitats 
are able to deal developmentally with changes in temperature and salinity.  To study the effects 
of temperature and salinity stress, gametes of three different echinoid echinoderm species were 
placed under a range of conditions, and their development was followed.  Previous observations 
led us to believe that embryos would twin under certain stressful environmental conditions but 
no study has systematically looked into twinning and no work has been published on it (Allen et 
al., unpublished).  My project aimed to determine under what conditions twinning is most 
frequent and how widespread twinning as a phenomenon is.  We predicted that it would require a 
combination of both increased temperature and decreased salinity to maximize twinning 
percentages. To systematically study these questions, we placed the gametes of three different 
echinoid echinoderm species (Strongylocentrotus droebachiensis, Echinarachnius parma, and 
Lytechinus variegatus) under a range of salinity and temperature combinations and tested the 
consequences of fluctuations of these environmental variables on: 1) fertilization, 2) embryonic 
development, and 3) larval development. 
Methods 
Strongylocentrotus droebachiensis 
Green urchins (S. droebachiensis) were collected in February and March of 2010 from 
Cobscook Bay, ME and shipped overnight to Williamsburg, VA.  Upon arrival animals were 
induced to spawn by injecting each with 1 ml of 0.5 M KCl (Strathmann, 1987).  Spawning 
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urchins were inverted over 200 ml beakers of 32‰ artificial sea water (ASW) that was chilled to 
8⁰C.   Once spawning was completed, eggs were washed and resuspended in ASW and about 
2ml of the egg suspension was pipetted into finger bowls containing 100 ml of ASW at the 
following salinities: 22‰, 24‰, 26‰, 28‰, 30‰ and 32‰.   A micropipette was used to add 
100 µl of dilute sperm solution to each bowl.  There were two temperature treatments set up, 8⁰C 
and 11⁰C, each of which contained three replicate bowls from every salinity.  Overall there were 
eighteen replicate bowls per water bath (Figure 1).  The fingerbowls were given time to adjust to 
the temperature of the bath before any gametes were added.   The 11⁰C treatment was regulated 
by a chiller while the 8⁰C treatment was kept in a cold room at that temperature.   
After fertilization, egg diameter and fertilization envelope diameter were measured at 
100x magnification for ten eggs from each dish using a compound microscope fitted with an 
ocular micrometer (Figure 2).   Percent fertilization was also obtained for 50 eggs from each 
dish.  All measurements of fertilization envelope and egg size were taken in the first three hours 
after fertilization which was prior to the first cleavage.   At 24 hours post fertilization, once 
embryos had reached an unhatched blastula stage, embryos from each dish were examined and 
scored for signs of twinning.  The first fifty embryos that were found were scored to determine 
twinning percentages.  The embryos were scored as either normal, twins, or 
abnormal/undeveloped. 
Echinarachnius parma 
Adult sand dollars (Echinarachnius parma) were hand collected at low tide from Cedar 
Beach on Orr’s Island, ME (43⁰ 45’ N, 69⁰ 58’ W) in June and July of 2010.   Sand dollars were 
transported to Bowdoin College’s Marine Laboratory and were placed in flow-through seawater 
tanks at ambient seawater temperatures and salinities.   
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For each experiment, three water baths were set up inside of a flow-through seawater 
tank (Figure 1).  One bath was maintained at ambient seawater temperature, which fluctuated 
between 15⁰C and 19⁰C. The second bath was heated to 21⁰C and the third was heated to 24⁰C 
using submersible heaters.  Average seawater salinity coming into the lab was 30‰ and 
according to the GoMOOS buoy in Lower Harpswell Sound, the average salinity at 2m depth in 
the summer stays at 30‰ for the area (http://www.gomoos.org/). Therefore, treatments were set 
up at salinities of 20‰, 22‰, 24‰, 26‰ and 30‰ in each bath.  Eggs did not develop at 20‰ 
however, so later experiments stopped using that treatment.  Salinity solutions were mixed using 
0.45 µm filtered seawater (FSW) and appropriate amounts of deionized water to dilute water to 
the correct salinity.   Three replicate finger bowls with 100 ml of solution were set up for each 
salinity at each temperature and were given enough time to reach the temperature of the bath 
before eggs were added. 
Spawning was induced by injecting 1 ml of a 0.5 M KCl solution into adults to induce 
spawning.   Adults were spawned over 100 ml beakers of 30‰ FSW at room temperature.  Once 
spawning was completed, 1-2 ml of eggs were added to each dish along with 100 µl of dilute 
sperm solution.  After fertilization, egg size and fertilization envelope size were measured using 
an ocular micrometer on a compound microscope at 100x.  Fertilization percentages were also 
recorded for each bowl.  Cleavage occurred around 1.5 hours post fertilization in the ambient 
bath and more quickly in the heated baths. Due to this time constraint, it was often not possible 
to get measurements for eggs from every bowl prior to cleavage.   
After eight hours, embryos had reached a blastula stage and were scored for twinning.   
The first fifty embryos found in a dish were scored.  In trials where twinning occurred, both 
twins and singles were removed from dishes and put into six-well plates.  Each well contained 10 
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ml of 30 ‰ FSW and was placed on a rack in a flow-through seawater tank to keep it at ambient 
seawater temperature.  Water was changed every other day at which time larvae were fed 5,000 
cells/ml of the green alga, Dunaliela tertiolecta.  Larvae were observed and measured every 
other day for as long as possible.  Body length, left post oral arm length, and right post oral arm 
length were all recorded when measurements were taken (Figure 3). 
Lytechinus variegatus 
Adult Lytechinus variegatus were shipped overnight to Williamsburg from Big Pine Key, 
FL from October through December of 2010.  For each experiment, three water baths were set up 
in the laboratory.  Each bath contained a submersible pump and electric heater to maintain 
temperatures of 24⁰C, 28⁰C, and 32⁰C.   Salinities used started at a salinity of 35‰ and 
decreased down to 30‰, 27‰, 26‰, and 25‰.   Three replicate beakers with 200 ml FSW were 
set up for each salinity in each water bath, resulting in 15 beakers per bath.  The beakers were 
placed in the water baths and given time to adjust to the temperature of the bath before any 
addition of egg or sperm.  Since higher temperature baths were used, 200ml of water was used to 
minimize the effect of evaporation on salinity.  Evaporation was measured after experiments to 
make sure that the salinity was not changing during the experiment.  No significant salinity 
change due to evaporation was seen over the short duration (6 hours) the embryos were in the 
bath.  The most any of the dishes changed in salinity from the beginning to the end of the 
experiment was 0.2‰.   
Adults were injected with 1 ml of 0.5 M KCl to induce spawning.  One male and one 
female were used for each individual trial.  Adults were spawned into 35‰ FSW chilled to 8⁰C. 
Chilled sea water was used because the lower temperature allowed for a longer period in which 
the sperm was viable before fertilizing eggs.  Once animals finished releasing gametes, about 2 
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ml of eggs and 100 µl of sperm were added to each dish.  Egg diameter and fertilization envelope 
diameter of embryos from each treatment were measured.   Eggs from the warmest bath (32⁰C) 
cleaved approximately 40 min after fertilization and eggs from the coolest bath cleaved in less 
than an hour.  This time limitation made it hard to obtain complete data sets for any trial.  To try 
and compensate for the lack of time available, pictures were taken of eggs from some trials and 
measured using Image J software (Version 1.44) at a later point.   Embryos reached the blastula 
stage approximately five hours after fertilization at which time they were scored for the 
frequency of twinning.  The first fifty embryos seen were scored and the percent twinning was 
recorded.  
One trial was run on unfertilized L. variegatus eggs to measure the effect that salinity and 
temperature had on solely the egg.  Running a trial on unfertilized eggs allowed me to determine 
if any effect seen on egg size was due to the egg itself or due to changes in the fertilization 
envelope.  The set up was the same in terms of temperature and salinity treatments.  The female 
was injected with 1 ml of KCl and spawned into a 15ml beaker of ASW at room temperature.  
One ml of suspended egg solution was then pipetted into each dish.  After adding eggs to the 
treatments, measurements were not taken until at least 10 minutes after adding them to give the 
eggs time to show the effect of the treatment.  Ten eggs were measured from each of three 
replicate dishes at each treatment. 
Statistical Analysis 
For S. droebachiensis, I combined the data from two females into a single mixed model 
ANOVA in order to determine the effects of temperature and salinity (and their interaction) on 
the dependent variables of egg diameter and fertilization envelope diameter. Temperature, 
salinity and the interaction between temperature and salinity were modeled as fixed effects. 
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Female (1 or 2) was modeled as a random effect.  When significant effects were found for 
salinity or temperature, I ran post-hoc tests (with Bonferronni correction) to test for differences 
among treatment levels.  
For E. parma and L. variegatus, I ran 2-way ANOVAs to examine the effects of 
temperature and salinity (and their interaction) on the dependent variables of egg diameter and 
fertilization envelope diameter. When significant effects were found for salinity or temperature, I 
ran post-hoc tests (with Bonferronni correction) to test for differences among treatment levels. 
For these two species, unlike S. droebachiensis, there were unique combinations of temperature 
and salinity tested that precluded me from analyzing all of the data in a single model with female 
as a random effect.  
Results 
Strongylocentrotus droebachiensis  
In S. droebachiensis egg diameter and fertilization envelope diameter both increased in 
size with decreasing salinity (Figure 4, 5; Table 1, 2).  Egg size increased an average of 20 µm 
from the highest salinity (32‰) to the lowest salinity (22‰) in S. droebachiensis (Table 2; 
Figure 4). Assuming a spherical egg, this would result in a 42% increase in egg volume.   
Temperature had a significant effect of increasing egg size but had no significant effect on 
fertilization envelope size (Tables 1 and 2) 
Twinning was consistent among females.  It was documented at percentages between 0-
6% and was seen in only the 22‰ at 11⁰C treatments (Table 4).  This was the most extreme 
treatment used.  It was also the treatment that induced the largest fertilization envelope size.   
Abnormal development was also seen in this treatment at up to 92%.  However normal 
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development was still observed in some embryos in the most extreme treatment too. The 
embryos scored as “abnormal” either were not developing at all or were suspected to not be 
viable.   Twinning occurred in both females tested. 
Echinarachnius parma 
In E. parma egg diameter and fertilization envelope diameter both increased in size with 
decreasing salinity (Tables 5, 6, 7, 8). Temperature did not have a significant effect on egg size 
but did have a significant effect of increasing fertilization envelope size in one out of two 
females  (Figures 6 and 7; Tables 6 and 8). From 30‰ to 22‰ egg diameter increased 20µm 
(Table 7), resulting in a 45% increase in egg volume.   
Twinning occurred variably among females tested.  It was documented between 0-28% in 
E. parma.  In E. parma twinning occurred in the 24, 25, and 26‰ treatments and in all 
temperature baths (Table 10).  Twinning was most frequent in the 26‰ salinity treatment and in 
the 21⁰C bath (Figure 8).  Twinning occurred in 5 out of 8 replicate male-female pairs. A high 
amount of abnormal development was also seen in these treatments. A high percent of embryos 
were abnormal in 24‰ treatments (52-100%) and abnormal development was all that was seen 
in 20‰ treatments (100%). 
Lytechinus variegatus 
Egg diameter and fertilization envelope diameter varied with both salinity and 
temperature in L. variegatus.  Egg sizes were significantly larger as salinity decreased and were 
significantly larger at 24°C than at 32°C (Figure 9; Tables 11 and 12,).  Average egg diameter 
increased 17 µm from the highest salinity (35‰) to the lowest salinity (25‰) which is a 52% 
increase in total egg volume.  Fertilization envelopes were significantly larger under decreasing 
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salinity (Figure 10; Tables 13 and 14).  Higher temperatures caused a decrease in both egg size 
and fertilization envelope size (Tables 12 and 14).  
Changes in egg diameter were hypothesized to be due to an osmotic effect on the egg 
under lower salinity.  However, because fertilization envelope sizes were also increasing, it was 
important to ensure that changes in egg size were not occurring as a by-product of increased 
fertilization envelope diameters. To test this hypothesis, a trial was run on unfertilized eggs of L. 
variegatus. The unfertilized eggs significantly increased in size with decreasing salinity (Figure 
11; Tables 11 and 12) as was consistent with the trend in fertilized eggs.  Temperature did not 
have an effect on egg size in this trial (Table 12). 
Twinning occurred variably among females.  It was documented between 0-4% in L. 
variegatus.  Twinning was observed in a wide range of treatments in L. variegatus.  It was 
observed in 25, 26, 27, 28 and 30‰ salinities in both the 28⁰C and 32⁰C baths (Table 16).  It was 
seen at low percentages in all of these treatments but was seen most frequently in the lower 
salinities in the 28°C bath.  Twinning was observed at some percentage in 4 out of 5 of females 
tested.    
Larval Growth 
Over the summer of 2010, twins and singles were isolated from three separate crosses of 
E. parma.  In two of the three replicates twins were found to be smaller than singles in all three 
morphometrics used (Table 17). In the third female, twins were found to be smaller for both 
body length and for left post oral arm length and not significantly different for right post oral arm 
length (Table 17). For twins, the average of each measurement was used from each pair of twins 
so as to have equal numbers of data points for singles and twins.  An independent samples t-test 
was used to compare the means of each group.  Figures 14, 15 and 16 show the growth data for 
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larvae from each replicate female.  Figure 17 shows pictures of twins that were followed and 
their growth. Unfortunately near the end of the summer lightning struck the lab and shut off the 
water supply.  This caused all of the larvae to die and therefore we were not able to rear any 
larvae through to metamorphosis.  We did however observe that twins were developing normally 
and have no reason to believe that they would not have been viable.   
Delay of Hatching 
Over the summer of 2010, embryos were isolated from four separate spawning events of 
E. parma.  In three out of four of those experiments a delay of hatching was observed.  We 
observed embryos that not only delayed the time they hatched at, but they were also hatching at a 
later stage of development than has been previously reported. Embryos that would normally 
hatch as a blastula, were delaying until at least the gastrula stage and in some instances even 
formed arms before hatching.   
In the first experiment, where a delay was not seen, embryos were isolated at 8-hours 
post fertilization, but then not checked again until 43 hours after fertilization at which time they 
had all hatched. In the second experiment, 55 embryos were isolated after developing for 8-
hours.  All of the isolated embryos came from 26‰ but 30 were taken from the ambient 
temperature and 25 embryos from 21°C. The trays were then checked at 24-hours post 
fertilization at which time 13/30 of the embryos from the ambient treatment were unhatched and 
16/25 from the 21°C treatment remained unhatched.  All of the embryos, hatched and unhatched, 
had gastrulated by this time.  The trays were not checked again until 48 hours post fertilization, 
at which time all had hatched.  In the third spawning, 34 embryos were isolated at 8-hours post 
fertilization.  All of these embryos had come from 26‰ 21°C treatments. Both singles and twins 
had been isolated and at 30 hours post fertilization, 14/28 twins were still unhatched and 3/6 
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singles were unhatched. All of these embryos had gastrulated and many were forming arms. In 
the last spawning event where individuals were isolated, 23 embryos were put into well plates 
(17 twins and 6 singles).  At 30 hours post fertilization, they were checked again and 11/17 of the 
twins remained unhatched and 5/6 of the singles were also unhatched.  Embryos from both the 
third and fourth spawning events had pictures taken of them at 32 hours post fertilization but 
were then not checked again until after a weekend had passed, at which time all of the isolated 
embryos had hatched (Figure 18).   
Discussion 
Egg and fertilization envelope sizes 
Salinity-induced changes in egg diameter and fertilization envelope diameter were 
consistently seen in all species tested.  Increasing volume under conditions of decreasing salinity 
may be due to osmotic pressure on eggs. A similar osmotic effect on eggs has been seen before 
in studies where females were acclimated to lowered salinities prior to spawning (Roller and 
Stickle, 1985; 1994; Gimenez and Anger 2001).  The results of my experiments differ slightly  
from these previous studies in that eggs were observed to change size after being transferred to a 
new salinity.  Change in egg volume upon transfer to different salinities has been noted in studies 
on L. variegatus and S. droebachiensis where reported trends of increased size at decreased 
salinity are consistent with my study (Roller and Stickle, 1985; 1994). This osmotic effect has 
not been addressed in literature on egg size and maternal investment.  If salinity is changing egg 
sizes, then meta-analyses of egg size variation may need to be adjusted to account for an osmotic 
effect (e.g. McEdward and Morgan, 2001).  If the salinities across different studies are highly 
variable, these reviews could be exaggerating intraspecific variation in maternal investment. 
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Fertilization envelopes also increased in size as salinity decreased.  A larger fertilization 
envelope may also be explained by osmotic stress.  Looking at the data on S. droebachiensis this 
trend is clear and significant. In S. droebachiensis, even at the most stressful treatments used, 
embryos were still able to develop and fertilization envelopes were at their largest.  In E. parma 
and L. variegatus the trend is seen up to a point and then envelope size actually decreases under 
the highest stress levels. Poor fertilization at low salinity and inability to develop under stressful 
conditions may account for the small size of fertilization envelopes at low salinities.  Therefore, 
the lowest salinity treatments may be misleading when reporting trends in fertilization envelope 
sizes due to salinity stress.  This suggests that fertilization envelope size increases as salinity 
decreases up until the point where eggs are no longer able to properly fertilize or develop. 
Temperature had a variable effect among species on both egg diameter and fertilization 
envelope diameter.  My a priori prediction was that fertilization envelopes would swell with 
increased temperature due to heat stress. In S. droebachiensis and E. parma, when temperature 
had a significant effect, it was that of increased size on either egg or fertilization envelope as was 
predicted.  However in L. variegatus, while temperature did show an effect on both fertilization 
envelope size and on egg size; this effect was that of decreased size under increased temperature.  
This result was opposite of our prediction and opposite of what was observed in the other 
species.  One reason temperature may have caused a decrease in egg and fertilization envelope 
size might be that L. variegatus individuals were spawned into 8°C water and then subsequently 
switched to baths ranging from 24°C to 32°C.  In the other two species, gametes were spawned 
into water at the temperature of the control temperature treatment (ambient ocean temperature 
for E. parma and 8°C for S. droebachiensis) and therefore did not have the same potential for 
temperature shock when they were then pipetted into the treatment bowls.  Perhaps since the L. 
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variegatus eggs were switched from cold temperatures to warm temperatures, there was a 
temperature shock that caused the temperature effect that was not seen in the other two species. 
Support for the hypothesis hat the effect seen may have come from a temperature shock is given 
from the experiment run on unfertilized eggs.  In this experiment, eggs were spawned into ASW 
at room temperature (22ºC) and there was no significant effect of temperature on egg size. In all 
three species, all of the temperature effects, even when significant, were not as strong as the 
effects due to salinity.   
Twinning 
My study examined twinning which is unreported previously in the literature.  Cloning 
however has been seen in many echinoderm species but is not the same as twinning (Eaves and 
Palmer, 2003; Vaughn and Strathman, 2008).  Cloning occurs at the larval stage when one larva 
buds off a part of itself to develop into a second larva while twinning is occurring at the 
embryonic stage.  In all three species tested, twinning was reported in at least one treatment.  The 
amounts and exact treatments were variable between species, but because twinning did occur in 
every species tested it suggests that twinning is a response that is not species specific.  Also, in 
all three species, twinning occurred due to a combination of temperature and salinity stress.  
While the exact treatments that induced twinning were different, the nature of the stressors was 
the same.  In all three species, twins occurred in the treatments where fertilization envelope size 
was the largest (Figures 5, 7 and 10).  The fact that the highest twinning percentages also 
coincided with the largest fertilization envelopes suggests that a larger fertilization envelope is 
connected with the mechanism of embryonic twinning.  It may be that more space surrounding 
the zygote is removing physical constraints on the embryos and cells are able to move further 
apart after division (Figure 18). 
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However, a larger fertilization envelope was not the only factor needed to induce 
twinning.  There was a difference in the twinning percentages under different temperatures even 
where there was not a difference in fertilization envelope size, showing that it is some interaction 
between these two stressors that is inducing twinning.  In other studies, increased temperature 
allows for faster development and can create abnormal development when raised too much 
(Roller and Stickle, 1993).  Perhaps as rates of development increase, the ability of the embryo to 
regulate development is hindered as can be seen in the abnormal embryos that frequently can 
result. Reduced ability to regulate development could also make twinning possible when 
temperatures are increased slightly so as to slightly alter developmental regulation.  A slight 
impediment to developmental regulation on top of the reduced constraints posed by a larger 
fertilization envelope may be allowing both the developmental means and the physiological 
space and allow cells to split apart and twin.   
There was little variance in twinning percentages between females in S. droebachiensis.  
However, in E. parma, and L. variegatus, twinning was extremely variable and occurred in many 
different treatments.  Twinning occurred at several different salinities and temperature 
treatments.  The fact that there was so much variability within a single species suggests that there 
is a significant genetic component to twinning and that it is not a uniform physiological response 
to stress.  Some females had a large percent of their offspring twin, while others had none at all.  
Twinning may be an adaptive response if it increases a female’s fecundity under stressful 
environmental conditions. However, in the treatments where twinning was observed, there was 
also a significant amount of abnormal development occurring.  As the abnormal offspring were 
considered non-viable, they should not be considered when actually calculating a female’s 
reproductive success.  When the abnormal embryos are discounted from a female’s surviving 
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offspring, the embryos that twin become a much larger percentage of the viable offspring she has 
produced.  For instance, in one trial of E. parma only 12% of the overall embryos twinned, but 
also in that same treatment, 74% of embryos were abnormal.  When that 74% is removed from 
calculations of a female’s offspring, the percentage of surviving embryos that twinned jumps to 
46% (12% / 26%).  If we count resultant larvae from this experiment instead of counting twins as 
one original embryo, the number becomes even more extreme.  If 54% of embryos that survive 
are singles and 46% are twins, then when the twins hatch into two larvae, 63% of the resultant 
larvae from that female were twins. Twinning may be able to help females compensate for the 
huge loss of embryos in stressful situations due to non-viable embryos. 
Twinning is likely to have consequences for the development of the resultant larvae.  I 
tried to investigate these effects by following twins and singles, however due to unforeseen 
circumstances none were able to be reared through metamorphosis.  Because we saw that twins 
were developing normally, we can infer what would have happened to them by looking at other 
studies that have artificially twinned embryos.  Many studies have looked into how egg size 
manipulation in free spawning echinoderms effects larval development (e.g. Cameron et al., 
1996; McEdward, 1996; Allen et al., 2006; Alcorn and Allen, 2009).   Blastomere separation 
experiments frequently split apart embryos after the first cell division to see how a 50% 
reduction of maternal investment will affect larval development.  Blastomere separation 
experiments are comparable to my study except that embryos are naturally separating 
themselves, while in the other studies, experimental manipulation was needed to split the cells 
apart.   
In blastomere separation experiments with two of the species I studied, E. parma and S. 
droebachiensis, the main consequences were that juveniles were smaller at metamorphosis and 
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larvae took longer to reach metamorphosis (Alcorn and Allen, 2009). Longer development time 
means larvae stay in the plankton longer and therefore are exposed to predation longer (Vaughn 
and Allen, 2010).  Smaller individuals may have slower feeding rates as they have shorter 
cilliary tracts to draw food in (Hart, 1991).  After metamorphosis, these individuals may remain 
smaller throughout their lifetime (Cameron et al., 1996).   
However large these consequences of reduced size and longer planktonic periods are, 
they are still not as severe as certain death.  Many of the embryos in treatments that produced 
twins were developing extremely abnormally if they were developing at all. Twinning may be a 
way for embryos to deal with the stress of these environmental fluctuations while still yielding 
viable individuals.   
Larger egged species have smaller consequences in terms of larval development when 
split into two as they often contain more nutrients than are needed for larval development (Allen 
et al., 2006; Alcorn and Allen, 2009).  With the knowledge that there are fewer larval 
consequences for larger egged individuals that split apart, we might expect that larger egged 
species would be more likely to twin.  When looking at data from the three species I used and 
comparing twinning percentages to egg size, the data are inconclusive.  E. parma (145 µm) has a 
larger egg size than L. variegatus (110µm) and also showed much higher twinning percentages 
than L. variegatus (max 28% to max of 6%).  However S. droebachiensis (153 µm) has an even 
larger egg size and yet the twinning percentages in E. parma were much higher than the twinning 
percentages in S. droebachiensis.  A broader survey of the frequency of twinning should be done 
to better resolve this issue however.  S. droebachiensis may have twinned at higher frequencies 
had they been subjected to harsher conditions. Perhaps future studies should focus on species 
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with a wider range of egg sizes and should also further stress S. droebachiensis to see if twining 
would increase. 
Delay of Hatching 
In the process of isolating embryos to follow their larval development, I found a novel 
response of delay of hatching.  Environmentally cued hatching is a widespread phenomenon that 
has been seen in every deuterostome phyla other than echinoderms prior to this study (e.g. 
Warkentin, 1995; Vonesh, 2005; Touchon et al., 2006). Some previous studies have reported 
plasticity in hatching time with response to temperature and salinity in echinoderms (Roller and 
Stickle, 1985; 1994).  Warmer temperatures yield faster development and hatching while lower 
salinities slow development and increase the amount of time to hatching (Roller and Stickle, 
1985; 1993).  However in these studies, hatching is still occurring at the blastula stage.  
Development rates are changed by these factors and so time to hatching also changes. My 
findings were very different from simply changing the speed at which development was 
occurring. I found that embryos remained unhatched past the developmental stage they would 
naturally hatch at.  Hatching at a stage other than a blastula has never been seen in echinoderms 
and is notable as it shows that the embryos may have some way of altering their stage at hatching 
in response to environmental stress.  
We observed a delay of hatching up to 32 h post fertilization. How long the delay 
actually went or how developed the embryos may have gotten before hatching is unknown as 
none of the experiments were checked again until at least 48 h post fertilization at which time 
they had hatched.  We believe that a change in salinity is what caused the delay of hatching 
observed.  Embryos left in their original bowls did hatch as a blastula, regardless of their salinity 
treatment and all of the embryos that delayed hatching experienced a salinity switch but not all 
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had a temperature switch.  Also, delay of hatching was observed at similar frequencies in both 
singles and twins that were isolated and therefore we do not believe that twinning is causing the 
delay 
The exact mechanism that is causing a delay of hatching is uncertain. Hatching plasticity 
in other phyla is often adaptive (Warkentin, 1995; Vonesh, 2005).  Because it is seen so widely 
in other phyla, it may be that it is also an adaptive response in echinoderms.  A large salinity 
shock may be harmful to unprotected larvae and so perhaps when there is a rapid change in 
salinity individuals will stay in their fertilization envelope longer so as to give them protection 
from a potentially harsh environment.  Perhaps embryos use the extra time to acclimate to the 
outside salinity before hatching.   
On the other hand, delay of hatching may not be adaptive at all.  There are many 
physiological reasons it may be happening. Echinoderms hatch by using ciliary beating to wear 
away their fertilization envelopes and a sudden change in salinity may be impeding cilia and 
delaying hatching.  Placing larvae in hypertonic solution of double the normal salinity for a short 
period of time has been used for removal of cilia in studies (Auclair and Siegel, 1966). Also, it 
has been seen in polycheate worms that a sudden change in salinity causes inhibition of cilia 
until the animal acclimates and the cilia then return to normal beating (Wells et al., 1940).  
Perhaps our switching of salinity is causing a similar temporary impediment to cilia which is 
causing a delay of hatching until the embryo can acclimate and begin ciliary beating once more.   
Another possible reason for a delay of hatching might be due to the fertilization envelope 
itself.  We did see larger than normal fertilization envelopes in the individuals we isolated.  
Perhaps larger fertilization envelopes are allowing more space for development, and not 
constraining the embryo to hatch at the blastula stage as is normal. Fertilization envelope size 
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cannot be the only factor allowing for delay of hatching however.  Embryos kept at their original 
salinity had increased fertilization envelope size but did not delayed hatching.  Therefore, even if 
an increased fertilization envelope size is playing a role in delay of hatching,, some other factor 
must also be playing a role in the delay.   
Conclusion 
This study has identified a wide array of responses to salinity and temperature stress in 
embryonic echinoid echinoderms.  These responses may be adaptive, physiological, or both.  
Temperature and salinity are both highly variable in near shore habitats, and therefore it is likely 
that developmental responses to this variability are not uncommon in nature.   Since free 
spawning is an ancient and widespread reproductive system, examining these developmental 
responses can also provide general insights into how free spawning animals cope with 
environmental stress.  In particular, understanding how freely spawned eggs, embryos and larvae 
react to temperature and salinity fluctuation may help us determine not only current 
developmental plasticity, but also identify the potential organisms possess for coping with 
similar types of variability due to climate change.    
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Figures and Tables: 
 
 
Figure 1.  Experimental design.  Separate water baths were set up for each temperature treatment.  
Water baths were regulated by heaters (red bars) in experiments on E. parma and L. variegatus. 
In S. droebachiensis only two baths were set up and their temperatures were regulated by a 
chiller and a cold room.  In each temperature treatment there were three replicate bowls (white 
circles) of each salinity treatment.   
 
 
 
  
Figure 2. Fertilized egg.  Picture shows a fertilized L. variegatus egg.  Measurements were taken 
at this stage in all three species of egg diameter and fertilization envelope diameter as shown. 
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Figure 3.  Larval morphometrics.  Left post oral arm length, right post oral arm length, and body 
length were all measured in individuals of E. parma.  Measurements were taken using an ocular 
micrometer at 100x magnification. 
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Figure 4.  Egg sizes from S. droebachiensis.  Measurements were based on averages of six 
replicate bowls (three bowls from each of two females).  Bonferroni post hoc tests were run to 
determine which bowls were significantly different.  Results are shown by the letters above data 
points. 
 
 
Figure 5.  Fertilization envelope diameter from S. droebachiensis.  Measurements were based on 
averages of six replicate bowls (three bowls from each of two females).  Bonferroni post hoc 
tests were run to determine which bowls were significantly different.  Results are shown by the 
letters above data points. 
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Figure 6.  Egg diameter from one experiment with E. parma.  Measurements were based on 
averages of three bowls.  Bonferroni post hoc tests were run to determine which bowls were 
significantly different.  Results are shown by the letters above data points. 
 
 
 
Figure 7.  Fertilization envelope diameter from one experiment with E. parma.  Measurements 
were based on averages of three replicate bowls.  Bonferroni post hoc tests were run to determine 
which bowls were significantly different.  Results are shown by the letters above data points. 
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Figure 8.  Bar graphs showing 
twinning percentage in female 
3 in E. parma.  Data are shown  
from the ambient bath (A), 
from 21°C (B), and from 24°C 
(C).  Twinning occurred at all 
three temperatures but 
occurred at the highest 
percentage (12%) in 26‰ at 
21°C. Salinity 
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Figure 9.  Egg diameter from one experiment with L. variegatus.  Measurements were based on 
averages of three replicate bowls.  Bonferroni post hoc tests were run to determine which bowls 
were significantly different.  Results are shown by the letters above data points. 
 
 
 Figure 10.  Fertilization envelope diameter from one experiment with L. variegatus.  
Measurements were based on averages of three replicate bowls. Ten fertilization envelopes were 
measured form each replicate bowl.  Bonferroni post hoc tests were run to determine which 
bowls were significantly different.  Results are shown by the letters above data points. 
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Figure 11.  Unfertilized egg diameter of L. variegatus.  Measurements were based on averages of 
three replicate bowls from which 10 eggs were measured each.  Bonferroni post hoc tests were 
run to determine which bowls were significantly different.  Results are shown by the letters 
above data points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
a 
d c 
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Figure 12.  Multiples in E. 
parma: a) single unhatched 
blastula, b) twins, c) triplets, and 
d) quadruplets.  Pictures taken on 
a compound microscope at 
magnification of 100x.  Images 
taken at 8 hours post fertilization, 
which is the stage they were 
scored for twinning.  At this time 
multiples are identifiable as they 
are still contained within a single 
fertilization envelope. 
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Figure 13.  Abnormal 
development in E. parma.  A 
wide range of abnormal 
development is seen in these 
pictures such as: (a) unfertilized 
eggs, (b) malformed blastulae (c) 
Siamese twins and (d) twins that 
have hatched. 
a 
b 
d 
c 
b 
d 
b 
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Figure 14.  Growth measurement from the embryos isolated from female 1.  Measurements taken 
at 8-days post fertilization.  N = 5 singles and N= 5 sets of twins.  All measurements were 
statistically different for twins vs. singles. 
 
 
Figure 15.  Growth measurement from the embryos isolated from female 2.  Measurements taken 
at 9-days post fertilization.  N=4 singles and N=4 pairs of twins.  All measurements were 
significantly different for twins vs. singles. 
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Figure 16.  Growth measurement from the embryos isolated from female 3.  Measurements taken 
at 9-days post fertilization.  N = 5 singles and N = 5 sets of twins.  Left post oral arm and body 
length were significantly smaller for twins than singles.  
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a 
f 
e 
c 
b 
d 
Figure 17.  Growth of twins in E. parma.  Twins (a and d) are shown at embryonic stage 8-hours post 
fertilization at which time they were isolated. The subsequent larvae that developed from those embryos 
(from a came b and c; from d came e and f) were followed and are shown at 3 days of development. All 
pictures were taken with at 100x magnification.   
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Figure 18.  Delay of hatching in E. 
parma. Pictures taken at 32 hours after 
fertilization.  Embryos should hatch at a 
blastula stage around 9 hours after 
fertilization, but these have delayed 
through gastrulation and even formed 
arms before hatching.  A shows a pair of 
twins that is unhatched.  B and C are two 
individuals that have delayed hatching.  
Pictures were taken using an ocular 
microscope with a 10x lens and a 10x 
eyepiece. 
Fertilization  
envelope 
Jelly coat 
and pigment 
cells 
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Figure 18. Two cell stage E. parma embryos.  Fertilization envelope size was shown to be largest 
in the treatments which produced twins.  These pictures show (a) a normal embryo where the 
cells have a large zone of contact, and (b) an embryo with a larger fertilization envelope where 
the cells have minimal contact.   
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Table 1.  ANOVA table of fertilization envelope size in S. droebachiensis.  Data from two 
females were analyzed using a two-way ANOVA to determine if there was an effect of 
temperature, salinity, or the interaction of the two on the diameter of fertilization envelopes. 
Differences between females were modeled as a random effect in this analysis.  Significant 
effects (p < 0.05) are in bold. 
Factor df F-value p-value 
Temperature 1, 60 3.073 0.085 
Salinity 5, 60 11.810 0.001 
Temp * Salinity 5, 60 0.142 0.982 
 
 
 
 Table 2.  ANOVA table of egg diameter in S. droebachiensis.  Data from two females were 
analyzed using a two-way ANOVA to determine if there was an effect of temperature, salinity, or 
the interaction of the two on the diameter of fertilization envelopes. Differences between females 
were modeled as a random effect in this analysis.  Significant effects (p < 0.05) are in bold. 
Factor df F-value p-value 
Temperature 1, 60 4.173 0.045 
Salinity 5, 60 83.850 0.001 
Temp * Salinity 5, 60 1.281 0.284 
 
 
 
Table 3. Fertilization percentages in S. droebachiensis. Measurements shown are the mean (±SE) 
of six dishes, three from each of two experiments.    
Temperature 32‰ 30‰ 28‰ 26‰ 24‰ 22‰ 
8⁰ C 97 ± 3.3 97 ± 2.1 94.3 ± 2.9 94.3 ± 5.6 98 ± 1 96.7 ± 2.0 
11⁰ C 99 ± 1 96.7 ± 3.3 99 ± 1 97.7 ± 2.3 96.7 ± 2.0 89.7 ± 3.3 
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Table 4.   Twining percentages for two experiments using S. droebachiensis.  Embryos were scored as normal, abnormal, or twinned.  
Numbers represent the mean ( SE) percentage of embryos from each class among three replicate bowls. 50 embryos were scored from 
each replicate dish.   
Temperature 8⁰C 11⁰C 
Salinity 32‰ 30‰ 28‰ 26‰ 24‰ 22‰ 32‰ 30‰ 28‰ 26‰ 24‰ 22‰ 
Female 1 
Normal 
97 ± 
0.9 
98 ± 1 
98 ± 
0.3 
97 ± 
0.3 
92 ± 1 
88 ± 
1.2 
92 ± 
0.9 
94 ± 
1.2 
96 ± 
1.2 
96 ± 
0.9 
94 ± 
0.7 
28 ± 
0.3 
Twin 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 4 ± 0.9 
Abnormal 
3 ± 0.9 2 ± 1 2 ± 0.3 3 ± 0.3 4 ± 1 
12 ± 
1.2 
8 ± 0.9 6 ± 1.2 4 ± 1.2 4 ± 0.9 6 ± 0.7 
68 ± 
1.2 
Female 2 
Normal 
94 ± 
1.2 
96 ± 
1.2 
98 ± 
0.6 
94 ± 
0.6 
64 ± 
1.5 
0 ± 0 
80 ± 
0.6 
92 ± 
1.2 
98 ± 1 
92 ± 
1.2 
82 ± 
2.2 
2 ± 1 
Twin 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 6 ± 0.7 
Abnormal 
6 ± 1.2 4 ± 1.2 2 ± 0.6 6 ± 0.6 
36 ± 
1.5 
100 ± 
0 
20 ± 
0.6 
8 ± 1.2 2 ± 1 8 ± 1.2 
18 ± 
2.2 
92 ± 
0.9 
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Table 5. Diameter of fertilization envelopes for all trials on E. parma.  Ten fertilized eggs were 
measured from each of three replicate bowls at each treatment.  The measurements shown are the 
averages (± SE) of the three replicate bowls. Different salinities were used on different days as 
we could not fit all the salinities in one trial.  Some measurements are missing due to time 
constraints.  Treatments in which replicates were not able to be measured are lacking SE.  
Measurements are recorded in micrometers. 
Female  30‰ 26‰ 25‰ 24‰ 22‰ 20‰ 
Female 1 
15⁰ C 216.8  219.3    218.8   
21⁰ C 217.3  230.5    211.1   
24⁰ C 219.2  227.3    224.7   
Female 2 
17⁰ C 211.6  222.4    221.3   
21⁰ C 211.1  208.1      
24⁰ C 200.0  213.1      
Female 3 
19⁰ C 215.2 ± 4.5 223.6 ± 4.2  217.2 ± 8.4  192.5 ± 8.1 
21⁰ C 220.7 ± 7.2 225.5 ± 3.0  216.8 ± 1.1  192.3 ± 5.1 
24⁰ C 221.2 ± 0.2 228.5 ± 1.8  210.3 ± 2.6  234.6 
Female 4 
18⁰ C 218.2 ± 4.6 227.3 ± 4.7 225.3 ± 4.2 223.0 ± 3.7   
21⁰ C 217.2 ± 0.5 224.2 ± 5.1 226.1 ± 0.9 211.8 ± 0.8   
24⁰ C 222.9 ± 2.0 221.9 ± 4.1 230.0 ± 0.5 220.8 ± 0.8   
Female 5 
17⁰ C 221.3 ±4.3 222.4 ± 4.5   221.3 ±4.0  
21⁰ C 215.2 ± 3.2 222.7    226.7   
Female 6 
21⁰ C 206.1 ± 3.8 204.5 ± 3.6 202.0 ± 3.6 187.6 ± 4.5   
24⁰ C 202.9  205.0  184.1  196.9    
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Table 6.  ANOVA table of fertilization envelope size in E. parma.  Each female was run 
separately due to the unique temperature and salinity combinations used in each experiment. Dara 
were analyzed using a two-way ANOVA to determine if there was an effect of temperature, 
salinity, or the interaction of the two on the diameter of fertilization envelopes. Significant effects 
(p < 0.05) are listed in bold.  
Female Factor df F-value P-value 
Female 3 
Temperature 2, 19 6.894 0.006 
Salinity 3, 19 7.754 0.001 
Temp * Salinity 6, 19 4.415 0.006 
Female 4 
Temperature 2, 12 1.827 0.203 
Salinity 3, 12 4.589 0.023 
Temp * Salinity 6, 12 1.157 0.389 
 
Table 7. Egg diameters for each trial on E. parma.   Ten fertilized eggs were measured from each 
of three replicates at each treatment.  The measurements shown are the mean (± SE) of the three 
replicate bowls. Time constraints and limited space caused some experiments to be missing data 
points. In experiments where replicate bowls were unable to be measured due to time constraints 
there is no SE.  Measurements are recorded in micrometers. 
 30‰ 26‰ 25‰ 24‰ 22‰ 20‰ 
Female 1 
15⁰C 144.8  150    156.6   
21⁰C 146.4  152    151   
24⁰C 140.4  143.9    148.5   
Female 2 
17⁰C 139.9  142.9    152   
21⁰C 140.9  145.4      
24⁰C 139.9  144.4      
Female 3 
19⁰C 147.1 ± 0.9 151 ± 1.6  157.3 ± 2.0  162.7 ± 0.3 
21⁰C 147.9 ± 1.4 153.6 ± 1.6  155.7 ± 1.2  164.1 ± 1.8 
24⁰C 144.7 ± 2.9 152.8 ± 0.2  156.4 ± 1.2  158.1 
Female 4 
18⁰C 143.6 ± 5.8 147.9 ± 2.5 153.2 ± 2.8 155.1 ± 2.5   
21⁰C 142.4 ± 1.5 151.5 ± 1.0 151.8 ±2.8 151.2 ± 0.3   
24⁰C 146.6 ± 0.8 153.7 ± 1.8 156.1 ± 1.5 156.3 ± 0.8   
Female 5 
17⁰C 147.9 ± 1.7 146.9 ±2.3   154 ± 1.8  
21⁰C 148.9 ± 3.5 151.5    155.5   
Female 6 
21⁰C 137.2 ± 1.8 141.8 ± 1.3 142.3 ± 0.9 145.4 ± 1.9   
24⁰C 141.3  141.8  145.9  146.9    
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Table 8.  ANOVA table of Egg size in E. parma.  .  Each female was run separately due to the 
unique temperature and salinity combinations used in each experiment. Data were analyzed using 
a two-way ANOVA to determine if there was an effect of temperature, salinity, or the interaction 
of the two on the diameter of fertilization envelopes. Significant effects (p < 0.05) are listed in 
bold.  
Female Factor df F-value P-value 
Female 3 
Temperature 2, 19 1.499 0.249 
Salinity 3, 19 39.009 0.001 
Temp * Sal 6, 19 0.923 0.500 
Female 4 
Temperature 2, 12 2.966 0.090 
Salinity 3, 12 10.590 0.001 
Temp * Sal 6, 12 0.408 0.860 
 
Table 9.  Fertilization percentages in E. parma. The mean percent fertilized (± SE) of three 
replicate bowls is shown for each treatment.  Different salinities were used on different days and 
not all bowls were able to be measured often due to time constraints.  In trials where only one 
replicate was able to be measured SE is not given. 
Female Temp 30‰ 26‰ 25‰ 24‰ 22‰ 20‰ 
Female 1 
15⁰ C 96 94   66  
21⁰ C 100 96   58  
24⁰ C 96 48   50  
Female 2 
17⁰ C 94 88   20  
21⁰ C 98 90   50  
24⁰ C 92 64   14  
Female 3 
19⁰ C 94 ± 1.2 90.0 ± 2.0  90.6 ± 1.3  16.7 ± 10.7 
21⁰ C 96 ± 1.2 86.6 ± 1.8  80 ± 4.2  13.3 ± 2.4 
24⁰ C 71.3 ± 3.3 65.3 ± 8.9  50 ± 6.4  1.3 ± 1.3 
Female 4 
18⁰ C 88 ± 0 91.3 ± 1.3  82 ± 1.2 57.3 ± 3.7  
21⁰ C 86 ± 4.2 87.3 ± 1.8  69.3 ± 3.3 50.7 ± 6.4  
24⁰ C 84.7 ± 1.8 66.7 ± 6.8  60.7 ± 5.3 27.3 ± 8.1  
Female 5 
19⁰ C 96 ± 1.6 92 ± 0.0 88 ± 1.63 66.0 ± 8.2   
21⁰ C 84 ± 0.0 80 ± 4.9 66.0 ± 8.16 51.0 ± 0.8   
24⁰ C 67 ± 2.4 47 ± 10.6 25 ± 0.82 29 ± 2.4   
Female 6 
18⁰ C 83.3 ± 2.9 85.3 ± 7.9 88 ± 3.05 64 ± 1.2   
21⁰ C 88 ± 2.0 76 ± 9.0 28.7 ± 12.9 37.3 ± 10.9   
24⁰ C 65.3 ± 21.7 46.0 ± 21.4 56 ± 15.6 66 ± 11.4   
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Table 10.  Scored twining results for E. parma.  Embryos were scored as normal, abnormal, or twin.  Numbers below represent the mean percentage 
of embryos from each class.  Experiments with SE were scored from three replicate dishes while those without SE are only from one dish.   
 
Temperature Ambient 21⁰C 24⁰C 
Salinity 30‰ 26‰ 24‰ 22‰ 20‰ 30‰ 26‰ 24‰ 22‰ 20‰ 30‰ 26‰ 24‰ 22‰ 20‰ 
Female 
1 
Normal 99 90  27  90 99  31  9 22  2  
Twin 0 0  0  0 0  1  0 0  0  
Abnormal 1 10  73  10 1  68  91 78  98  
Female 
2 
Normal 96 94  35  97 94  0  73 20  1  
Twin 0 0  0  0 0  0  0 0  0  
Abnormal 4 6  65  3 6  100  27 80  99  
Female 
3 
Normal 
80 ± 
2.3 
72± 
1.2 
48 ± 
0.6 
 0 ± 0 
84 ± 
1.2 
76 ± 
1.7 
32 ± 
5.5 
 0 ± 0 
55 ± 
4.7 
20 ± 
2.7 
2± 1  0 ± 0 
Twin 
0 ± 0 
 
0 ± 0 0 ± 0  0± 0 0 ± 0 
0 ± 
1.7 
2 ± 
0.9 
 0 ± 0 
1 ± 
0.7 
4 ± 
1.2 
4 ± 
0.7 
 0 ± 0 
Abnormal 
20 ± 
2.3 
18 ± 
1.2 
52 ± 
0.6 
 
100 ± 
0 
14 ± 
1.2 
24 ± 
1.7 
66 ± 
6.2 
 
100 ± 
0 
44 ± 
5.2 
76 ± 
3.6 
94 ± 
1.7 
 
100 ± 
0 
Female 
4 
Normal 
98 ± 
1.2 
42 ± 
3.2 
0 ± 0 0 ± 0  
92 ± 
1.6 
14 ± 
2.3 
0 ± 0 0 ± 0  
50 ± 
2.6 
0 ± 0 0 ± 0 0 ± 0  
Twin 0 ± 0 4 ± 2 
2 ± 
0.3 
0 ± 0  0 ± 0 
12 
±1.2 
0 ± 0 0 ± 0  0 ± 0 
2 ± 
0.3 
0 ± 0 0 ± 0  
Abnormal 
2 ± 
1.2 
52 ± 
1.2 
98 ± 
0.3 
100 ± 
0 
 
8 ± 
1.6 
74 
±1.2 
100 ± 
0 
100 ± 
0 
 
50 ± 
2.6 
98 ± 
0.3 
100 ± 
0 
100 ± 
0 
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Table 11. Egg diameters for each trial on L. variegatus.   Ten fertilized eggs were measured from 
each of three replicates at each treatment.  The measurements shown are the mean (± SE) of the 
three replicate bowls. Time constraints and limited space caused some experiments to be missing 
data points. In experiments where replicate bowls were unable to be measured due to time 
constraints there is no SE.  Measurements are recorded in micrometers. 
  35‰ 30‰ 28‰ 27‰ 26‰ 25‰ 
Female 1 
32⁰ C 109 ± 1.6 113.5 ± 1.1 114.5 ± 1.4    
28⁰ C 115.5 ± 2.0 120 ± 1.1 118 ± 0.8  122 ± 1.9  
24⁰ C 109.5 ± 0.5 112.5 ± 2.5     
Female 2 
32⁰ C 122.5 ± 1.9   133 ± 1.3 133.5 ± 1.3  
28⁰ C 122 ± 1.5   134.5 ± 1.4 131.5 ± 1.1  
24⁰ C 121.5 ± 1.1   132 ± 0.8 136 ± 1.8  
Female 3 
32⁰ C 112.2 ± 1.6   121 ± 2.2 123 ± 2.1  
30⁰ C 109.5 ± 1.6   118.5 ± 2.1 117.1 ± 2.4  
Female 4 
34⁰ C 108.5 112.6  116.7 120.7 120.8 
31⁰ C 112.2 ±0.9   119.2 ± 0.4 120.3 ± 0.6  
28⁰ C    120.2 121.6 123.8 
Female 5 
31⁰ C 109.8 115.7 119.2 ± 0.4   118.7 
28⁰ C 114.1  119.8 ± 0.4    
24⁰ C 121.5 115.7 120.3 ±0.7   121.5 
Female  6 
Unfertilized 
32⁰ C 110.8 ± 0.9 116.5 ± 1.1 118.5 ± 0.6  119.5 ± 0.8 121.5 ± 0  
28⁰ C 111.2 ± 0.7 114.5 ± 1.1 117.8 ± 0.3  119.5 ± 0.5 121.0 ± 0.9 
24⁰ C 111.7 ± 0.4 116.5 ± 0.6 117.0 ± 0.8  121.0 ± 0.3 121.2 ± 0.2 
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Table 12.  ANOVA table of Egg size in L. variegatus.  A 2-way ANOVA was run to determine 
the effect of temperature, salinity and their interaction on fertilization envelope size. Each female 
had o be run separately due to unique temperature, salinity combinations in each experiment.  
Female Interaction df F-value P-value 
Female 1 
Temperature 2, 20 7.954 0.003 
Salinity 3, 20 96.438 0.001 
Temp * Sal 4, 20 3.615 0.023 
Female 2 
Temperature 2, 22 9.357 0.003 
Salinity 4, 22 39.932 0.001 
Temp * Sal 4, 22 1.319 0.294 
Female 3 
(unfertilized) 
Temperature 2, 30 1.374 0.269 
Salinity 4, 30 98.783 0.001 
Temp * Sal 8, 30 1.192 0.337 
 
Table 13. Fertilization envelope diameters for each trial on L. variegatus.   Ten fertilized eggs 
were measured from each of three replicates at each treatment.  The measurements shown are the 
mean (± SE) of the three replicate bowls. Time constraints and limited space caused some 
experiments to be missing data points. In experiments where replicate bowls were unable to be 
measured due to time constraints there is no SE.  Measurements are recorded in micrometers. 
  35‰ 30‰ 28‰ 27‰ 26‰ 25‰ 24‰ 
Female 1 
32⁰ C 139.5 ± 1.4 141.5 ± 1.7 141 ± 1.8     
28⁰ C 146.5 ± 1.8 149.5 ± 1.2 149 ± 1.5  140.5 ± 2.6  
142 ± 
1.9 
24⁰ C 138.5 ± 2.6 140.8 ± 2.4      
Female 2 
32⁰ C 150.5 ± 0.9   162 ± 2.6 162 ±1.1   
28⁰C 152.5 ± 2.0   164 ± 1.8 161 ± 0.7   
24⁰C 152 ± 1.5   159 ± 1.8 165 ±2.1   
Female 3 
32⁰C 139.7 ± 1.4   143.8 ± 1.6 145.5 ± 1.0   
30⁰C 133.8 ± 0.5   140.9 ± 2.3 142 ± 0.1   
Female 4 
34⁰C 139.8 136.9      
31⁰C 137 ± 0.3   145 ± 0.8 148.3 ± 1.2   
28⁰C    145.6 146.5 149.5  
Female 5 
31⁰C 142.3 147.6 152.8 ± 0.9   148.1  
28⁰C 143.2  149.8 ± 0.2     
24⁰C 145.2 149.2 150.5 ± 0.3   150.3  
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Table 14.  ANOVA table of fertilization envelope size in L. variegatus.  A 2-way ANOVA was 
run to determine the effect of temperature, salinity and their interaction on fertilization envelope 
size. Each female had o be run separately due to unique temperature, salinity combinations in 
each experiment.  
Female Factor df F-value P-value 
Female 1 
Temperature 2, 20 4.594 0.023 
Salinity 3, 20 73.854 0.001 
Temp * Salinity 4, 20 6.550 0.002 
Female 2 
Temperature 2, 16 14.979 0.001 
Salinity 4, 16 44.757 0.001 
Temp * Salinity 4, 16 2.043 0.172 
 
 
Table 15.  Fertilization percentages in L. variegatus. The mean (± SE) percent fertilized out of 
three replicate bowls is shown for each treatment. 
 35‰ 30‰ 27‰ 26‰ 25‰ 
Female 
1 
32⁰ C 100 ± 0 100 ± 0 99.3 ± 0.67 84 ± 5.77 82.7 ± 8.67 
28⁰C 99.3 ± 0.67 100 ± 0 100 ± 0 100 ± 0 92 ± 3.05 
24⁰C 100 ± 0 100 ± 0 99.3 ± 0.67 88.0 ± 7.2 78 ± 10.0 
Female 
2 
32⁰C 100 ± 0 99.3 ± 0.67 100 ± 0 97.3 ± 1.76 86.7 ±4.67 
30⁰C 100 ± 0 99.3 ± 0.67 98.7 ± 0.67 100 ± 0 86 ± 1.15 
28 99.3 ± 0.67 100 ± 0 100 ± 0 99.3 ± 0.67 93.3 ± 2.4 
Female 
3 
34⁰C 82.7 ± 4.37 80.7 ± 1.76 20.7 ± 2.90 4.7 ± 1.76 2 ± 2 
31⁰C 100 ± 0 98.7 ± 1.33 94.7 ± 1.76 88 ± 2.31 33.3 ± 7.33 
28⁰C 100 ± 0 99.3 ± 0.67 98.7 ± 0.67 99.3 ± 0.67 55.3 ± 4.37 
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Table 16.  Scored twinning results for one experiment with L. variegatus.  Embryos were scored as normal, abnormal, or twin.  Numbers below represent 
the mean (±SE) percentage of embryos from each class among three replicate bowls. Fifty embryos were scored from each replicate dish.   
Temperature 24⁰C 28⁰C 32⁰C 
Salinity 35‰ 30‰ 27‰ 26‰ 25‰ 35‰ 30‰ 27‰ 26‰ 25‰ 35‰ 30‰ 27‰ 26‰ 25‰ 
Female 1 
Normal 
98 ± 
1 
100 
± 0 
98 ± 
1  
86 ± 
2.9 
50 ± 
2.8 
98 ± 1 
100 ± 
0 
96 ± 
2.7 
90 ± 
0.7 
53 ± 
4.8 
98 ± 
1.3 
98 ± 
0.6 
72 ± 
6.7 
64 ± 
3.3 
30 
±2.9 
Twin 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
2 ± 
0.3 
0 ± 0  0 ± 0 
3 ± 
0.3 
0 ± 0 
2 ± 
0.6 
Abnormal 2 ± 1 0 ± 0 2 ± 1 
14 ± 
2.9 
50 ± 
2.8 
2 ± 1 0 ± 0 
4 ± 
2.7 
10 ± 
0.7 
45 ± 
4.5 
2 ± 
1.3 
2 ± 
0.6 
25 
±6.4 
36 ± 
3.3 
68 
±3.2 
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Table 17. T-tests from growth data for E. parma.  A single tailed t-test was run on the morphometrics of 
singles and twins in each of the three experiments where embryos were isolated. Significant effects values 
(p < 0.05) are bolded. 
Female Measurement t-value p-value 
Female 1 
Left Arm 4.17 0.002 
Right Arm 3.16 0.007 
Body 7.73 0.001 
Female 2 
Left Arm 2.277 0.036 
Right Arm 1.970 0.053 
Body 5.419 0.002 
Female 3 
Left Arm 3.84 0.002 
Right Arm 1.79 0.050 
Body 4.25 0.001 
 
 
 
